Introduction
The cerebral cortex consists mainly of two types of neurons, glutamatergic excitatory and GABAergic inhibitory neurons. One of the principal functions of GABAergic neurons is considered to be the sharpening of specific functional properties of cortical neurons. In the visual cortex, for example, GABAergic neurons were proposed to play a role in rendering cortical neurons selective to a particular orientation of visual stimuli, although this view still remains highly controversial (Sillito, 1975; Tsumoto et al., 1979; Ferster, 1986; Chapman et al., 1991; Somers et al., 1995; Shevelev et al., 1998; Anderson et al., 2000; Teich and Qian, 2006) . If GABAergic neurons play such a role, they are assumed to have the preferred orientation orthogonal to or different from that of neighboring excitatory neurons to curb nonpreferred inputs or to have no or poor selectivity to generally suppress orientationbiased inputs to excitatory neurons (for review, see Vidyasagar et al., 1996; Sompolinsky and Shapley, 1997; Ferster and Miller, 2000) . To date, however, the possible differences in response properties of the two types of cortical neuron have not directly been tested by simultaneous recordings of their visual responses in the visual cortex in vivo, although visual responses of "suspected interneurons" in the rabbit visual cortex and "smooth" interneurons in layer IV of the cat visual cortex were reported in previous studies (Swadlow, 1988; Hirsch et al., 2003) . By application of in vivo two-photon functional Ca 2ϩ imaging to transgenic mice, we found that almost all GABAergic neurons, which were identified by enhanced green fluorescent protein (EGFP), have orientation-insensitive responses, whereas most excitatory neurons have orientation-selective responses.
Materials and Methods
Animal preparations. GAD67-GFP (⌬neo) mice (Tamamaki et al., 2003) at postnatal weeks 8 -12 were anesthetized with urethane (1.9 mg/g body weight), supplemented with additional doses (0.25 mg/g) of urethane when necessary. Incisions were infiltrated with lidocaine (xylocaine jelly). The animal's body temperature was maintained at 37.5°C by a rectal thermoprobe feeding back to a heating pad (NS-TC10; Neuroscience, Tokyo, Japan). All experimental procedures were performed in accordance with the guidelines of the Animal Experiments Committee of RIKEN Brain Science Institute. The part of the skull and dura mater over the primary visual cortex was removed, and the exposed cortex was covered with agarose (2-3% in Ringer's solution). Qualities of these transgenic mice and additional descriptions about the methods are detailed in the supplemental Materials and Methods (available at www.jneurosci. org as supplemental material).
Multicell bolus dye loading and in vivo two-photon microscopy. A total of 10 mM fura-2 AM (Invitrogen, Eugene, OR) was dissolved in dimethylsulfoxide mixed with 20% Pluronic F-127 (Invitrogen) and then diluted 10 times with 0.1 mM sulforhodamine 101 (SR101; Invitrogen) that was dissolved in Ringer's solution. A glass pipette with a tip diameter of ϳ10 m was filled with this solution and inserted into the cortex to a depth of 150 -200 m from the surface. Fura-2 AM and SR101 were ejected from the pipettes by pressure. Images of cells stained by the dyes were visualized using a two-photon laser-scanning system (Radiance 2000MP; BioRad, Hertfordshire, UK) coupled with a mode-locked Ti:sapphire laser (pulse width of Ͻ100 fs, 80 MHz repetition frequency at a wavelength of 800 nm; Tsunami; Spectra-Physics, Mountain View, CA) pumped with a 10 W solid-state source (Millenia PRO 10sJ 110; Spectra-Physics). The scanhead was attached to an upright microscope (ECLIPSE E600FN; Nikon, Tokyo, Japan). Excitation light was focused using a 40ϫ waterimmersion objective (0.8 numerical aperture; Nikon). Emitted fluorescence was divided into long-(Ͼ570 nm) and short-wavelength light with a dichroic mirror (570 nm; Olympus, Tokyo, Japan), and shortwavelength light was further filtered through a bandpass filter (510 -550 nm; Olympus) as an emission filter. Both wavelengths of emitted fluorescence were detected simultaneously using two photomultiplier tube detectors (PMTs; Direct Detection System; Bio-Rad). The PMT offset was kept at zero throughout the recordings. The microscope objective was shielded from possible stray light by covering the space over the animal's head with lightproof cloth.
Data acquisition and analysis. A square region of the cortex 150 -300 m on one side was imaged at 512 ϫ 512 pixels, skipping every other line at 0.34 -0.36 s per frame. In all experiments, images were obtained from at least three depths separated by 10 -15 m in most cases and 5 m in exceptional cases. Time-lapse images were realigned to remove tangential drifts, and cell regions in the images were contoured visually with custom-made software. In some experiments, the images were realigned using MetaMorph software (Molecular Devices, Downingtown, PA). A fura-2 signal was detected as a decrease in fluorescence intensity, which was calculated as Ϫ⌬F/F 0 , in which ⌬F ϭ F Ϫ F 0 . The baseline intensity, F 0 , was obtained by averaging the intensity values during the prestimulus period (5 s). The baseline signals of cells were computed by summing pixel values within the defined cell contours.
Visual stimulation and responses. Square wave gratings were moved on an LCD monitor in eight directions (from 0 to 315°in 45°steps). These eight patterns of visual stimuli were presented usually five times in a randomly interleaved manner, and then signals for 25 s (5 s before, 5 s during, and 15 s after the presentation of each angle of stimuli) were rearranged in the order of angle so that signals for the same angle of stimuli were averaged. To obtain the response magnitude (R) at each of the eight angles, intensity values during the presentation of the stimuli at each angle were averaged. In this averaging, negative values were regarded as zero, because they were not often observed in visually responsive cells and, even if they existed, they were randomly dispersed. Cells were defined as visually responsive if the largest one of the eight Rs was larger than 3 SDs of the baseline intensity during prestimulation periods. The orientation selectivity index (OSI) of visual responses was calculated as follows:
where is the angle of the directed grating stimuli ranging from 0 to 315°, and R() is the response magnitude at each angle. R() was also used as the point of polar diagrams.
Results

Separate visualization of three groups of cells
To analyze the responses of neurons to visual stimuli, we injected fura-2 AM, a Ca 2ϩ -sensitive indicator (Grynkiewicz et al., 1985) , together with SR101, which specifically stains astrocytes (Nimmerjahn et al., 2004), into layer II/III of the visual cortex of GAD67-GFP (⌬neo) mice through glass micropipettes. For twophoton excitation of fura-2, we used laser light at a wavelength of 800 nm (790 -810 nm at half-height), which does not effectively excite EGFP (Fig. 1) . Usually, the laser power for fura-2 excitation was set at 10 mW to minimize possible bleaching of the dye and toxicity to cells. When fura-2 is bound with Ca 2ϩ , excitation efficacy (two-photon excitation cross section) decreased so that an increase in the concentration of Ca 2ϩ is expressed as a decrease in the intensity of emitted fluorescence (Fig. 1, dashed red  curves) .
After the measurement of Ca 2ϩ signal, EGFP-positive cells (GABAergic neurons) and SR101-positive cells (astrocytes) were identified in the cortex in vivo, using laser light at an excitation wavelength of 950 nm (940 -960 nm at half-height), which does not excite fura-2 (Fig. 1) . Although the excitation wavelength was the same, emitted fluorescent wavelengths of EGFP and SR101 were completely different, and thus we could separate their fluorescence signals with a dichroic mirror at 570 nm (Fig. 1, dashed  vertical line) . By superimposing the images obtained as described above, we could identify the three groups of cells, EGFP-and SR101-negative cells (excitatory neurons), EGFP-positive and SR101-negative cells (GABAergic neurons), and EGFP-negative and SR101-positive cells (astrocytes). EGFP-and SR101-positive cells were not observed.
Such a separate visualization of the three groups of cells was confirmed in another series of in vivo experiments (Fig. 2) . The visual cortex of wild-type mice was loaded with fura-2 and SR101. At the excitation wavelength of 800 nm, signals of fura-2 were visible in a channel for emission light Ͻ570 nm (Fig. 2 Aa) . When the excitation wavelength was changed to 950 nm with the laser power of ϳ70 mW, almost none of the cells were detected in a channel for emission light Ͻ570 nm (Fig. 2 Ab) , but SR101-positive cells were clearly visible in the other channel for emission light Ͼ570 nm (Fig. 2 Ac) . In the visual cortex of GAD67-GFP Figure 1 . Spectra of emission light (left) and two-photon excitation (TPE) cross section (right) for the three fluorescent dyes. Three curves in the left half schematically show the intensity of fluorescence emitted from each of the dyes as values normalized to the maximum, modified from Fluorescence Spectra Viewer (Invitrogen). The ordinates on the left and right sides apply to the three curves in the left half and TPE cross-section spectra curves in the right half, respectively. Two dashed red curves schematically show TPE cross-section spectra of fura-2 bound and not bound with Ca 2ϩ , modified from Xu et al. (1996) . The dotted curve for EGFP schematically shows its TPE cross-section spectra, modified also from Xu et al. (1996) . The solid curve for SR101 schematically shows its TPE cross-section spectra measured at 780 -960 nm excitation wavelength in aqueous solution. TPE cross-section values of Goeppert-Mayer unit (GM) of SR101 were obtained by comparing the measured intensity of fluorescence with that of Rhodamine B, on the following assumptions: the two-photon absorption cross section of Rhodamine B in aqueous solution is the same as that in methanol solution (210 GM at 840 nm two-photon excitation); the two-photon fluorescence quantum efficiency of Rhodamine B is the same as its one-photon fluorescence quantum efficiency (0.7); and the sample refractive index in aqueous solution is the same as that in methanol solution (Albota et al., 1998) .
(⌬neo) mice that were not loaded with any dye but expressed EGFP in GABAergic neurons, almost no cells were visualized at the excitation wavelength of 800 nm even if the laser power was increased to 25 mW (Fig. 2 Ad) . At the excitation wavelength of 950 nm, EGFP-positive cells were visible in a channel for emission light Ͻ570 nm (Fig. 2 Ae) but not detected in the other channel for emission light Ͼ570 nm (Af ).
To quantitatively confirm that Ca 2ϩ signals of fura-2 in EGFP-positive neurons were not contaminated with EGFP signals, the fluorescence intensity of 620 cells in the fura-2-loaded cortex of wild-type mice was measured and compared with that of 178 EGFP-positive cells in the visual cortex of GAD67-GFP (⌬neo) mice under the conditions for fura-2 signal measurements (Fig. 2 Ba) . The fluorescence intensity of almost all of the cells in the GAD67-GFP (⌬neo) mice was nearly zero, and there was almost no overlap of the fluorescence intensity with that of the fura-2-loaded neurons. To further confirm that Ca 2ϩ signals of fura-2 were not contaminated with EGFP signals, the intensity of fluorescence was measured from 321 fura-2-loaded cells in the visual cortex of wild-type mice under the conditions for excitation of EGFP (Fig. 2 Bb) . Almost none of the 321 fura-2-loaded cells showed detectable fluorescence under the conditions in which most of the 375 EGFP-positive cells in GAD67-GFP (⌬neo) mice showed robust fluorescence.
The results shown in Figures 1 and 2 indicate that Ca 2ϩ signals of fura-2 were not contaminated with EGFP signals.
Difference in orientation tuning between GABAergic and non-GABAergic neurons
In the in vivo visual cortex of GAD67-GFP (⌬neo) mice that were loaded with fura-2 and SR101, fura-2-loaded cells were visible at the excitation wavelength of 800 nm in a channel for emission light Ͻ570 nm (Fig. 3A-C) . At the excitation wavelength of 950 nm, EGFP-positive and SR101-positive cells were differentially visualized in channels for emission light lower and higher than 570 nm, respectively. In Figure 3A -C, they are shown as green and red cells, respectively. As seen in these figures, EGFP-positive cells were observed to be scattered in the cortex. It is established that almost all of the EGFP-positive cells are GABAergic (Tamamaki et al., 2003) . SR101-positive cells were distributed sparsely in the present preparations.
Changes in Ca 2ϩ signals of cells were assessed by summing pixel values of fura-2 fluorescence within contours of somata. As established previously (Mao et al., 2001; Stosiek et al., 2003; Kerr et al., 2005) , somatic Ca 2ϩ signals reflect action potentials rather than subthreshold depolarization. Responses of fura-2-labeled cells to visual stimuli were studied using gratings at four different orientations, each drifting in two opposite directions. The response magnitude to each of the eight stimulus patterns was obtained from the averaged value during the stimulus presentation. When fluorescence signals were judged as mixed with strong spontaneous activities or with artifacts attributable to movements of the cortex, the data were excluded from the analysis. In addition to measurement of changes in fluorescence in cell bodies, changes in adjacent neuropils were also observed (Fig. 3C) .
We analyzed changes in fluorescence intensity of 664 cells from 13 focal planes of the visual cortex in four transgenic mice. If the same cells were observed in different planes, only one of the images that showed larger responses was analyzed. Cells that were not clearly separated from neighboring cells were excluded from the analysis. We found that 181 of the 533 GFP-and SR101-negative neurons that were judged as excitatory neurons showed significant responses, and most of the 181 neurons responded preferentially to a particular orientation of stimuli. Among the 70 GFP-positive and SR101-negative cells that were judged as GABAergic neurons, 28 showed visual responses, and most of these 28 neurons responded nonpreferentially to different orientations of stimuli. Only one of the 61 SR101-positive and GFPnegative cells that were judged as astrocytes had detectable responses to visual stimuli.
Examples of visual responses are shown in Figure 3D . Excitatory neurons designated as cells 1 and 2 in Figure 3C responded best to the motion of horizontally oriented stimuli (Fig. 3D , the first and second sweeps). However, these cells did not show such robust responses to motion of vertically and obliquely oriented stimuli. Polar plots of the response magnitudes confirmed a sharp tuning of the responses (Fig. 3E) . In contrast, a GABAergic neuron (cell 3) showed robust responses to all of the orientations of stimuli (Fig. 3D, third sweep) . A polar plot confirmed orientation-insensitive responses (Fig. 3E, right) . We also observed that all of the nearby areas containing neuropils (a-c) showed orientation-insensitive responses with the similar magnitude and pattern, although the magnitude was much smaller than that of cell 3. The orientation-selective responses of the cells Figure 2 . Separate visualization of three groups of cells. A, Visibility or invisibility of cortical cells of wild-type (top) and GAD67-GFP (⌬neo; bottom) mice under the conditions indicated at the top. The cortex of the former mice was loaded with fura-2 and SR101, whereas that of the latter was not loaded with any dye. Scale bars in the images in the left column indicate 30 m and apply to the images in the same row. The plane of the depth was 155 m in a-c and 150 mind-f. B, Distributions of the emitted fluorescence intensity of EGFP-expressing neurons in the visual cortex of GAD67-GFP (⌬neo) mice and that of fura-2-loaded neurons in the visual cortex of wild-type mice, at excitation wavelengths of 800 nm (a) and 950 nm (b). Fluorescence intensity was normalized to the maximum value. The PMT gain was constant in the same excitation and emission conditions. 1 and 2 and the much larger responses of cell 3 than those of neuropils confirmed that neuropil signals did not significantly disturb the signal of neuronal responses, and thus the two-photon Ca 2ϩ imaging in the present preparations has single-cell resolution (Stosiek et al., 2003; Ohki et al., 2005) . Additional examples of responses of GFP-negative and -positive neurons are shown in supplemental Figure 1 (available at www.jneurosci.org as supplemental material).
We calculated the OSI of all of the cells with significant visual responses using the vector averaging method (Swindale, 1998) . The distributions of OSIs of all of the excitatory and GABAergic neurons that were visually responsive are shown in Figure 4 . As shown in Figure 4 A, the OSIs of excitatory neurons ranged from 0.01 (nonoriented) to 0.86 (orientation selective). The mean value was 0.32 Ϯ 0.16 (SD). In contrast, the distribution of OSIs of GABAergic neurons was strongly skewed toward zero. The range and mean were 0.02-0.42 and 0.13 Ϯ 0.08, respectively. The distributions of OSIs of both types of neuron were significantly different (Kolmogorov-Smirnov test, p Ͻ 0.001). We also found that the peak fluorescence intensity of visual responses of GABAergic neurons was not significantly different, but the rising slope was smaller than that of excitatory neurons (supplemental Fig. 2 , available at www.jneurosci. org as supplemental material).
The present results demonstrate that almost all of the inhibitory neurons in the visual cortex showed orientation-insensitive responses, whereas most of the excitatory neurons showed orientation-selective responses.
Discussion
In the present study, 181 (34%) of the 533 non-GABAergic neurons and 28 (40%) of the 70 GABAergic neurons had significant visual responses. These proportions of visually responsive neurons are similar to that (37%) of the rat visual cortex reported by Ohki et al. (2005) , although they did not classify the neurons into non-GABAergic and GABAergic. Previous studies using microelectrodes in mouse visual cortex reported that ϳ90% of neurons were visually responsive (Draeger, 1975; Mangini and Pearlman, 1980; Metin et al., 1988) . As discussed by Ohki et al. (2005) , a factor for the relatively small proportion of visually responsive neurons in the in vivo functional Ca 2ϩ imaging study may be ascribable to the application of visual stimulation with the single parameters (e.g., frequency and contrast of gratings and velocity of movements) except for orientation and movement direction to a population of neurons that are supposed to have different optimal responses to various parameters of visual stimuli. There is another possibility that anesthesia might reduce visual responsiveness (see supplemental Discussion, available at www. jneurosci.org as supplemental material).
GABAergic neurons are classified into various types, such as basket cells, bipolar cells, etc. on the basis of morphology; fastspiking cells, burst-spiking cells, etc. on the basis of physiological properties; and parvalbumin-positive cells, somatostatinpositive cells, etc. on the basis of neurochemical properties (Kawaguchi and Kubota, 1997) . In the present study, we did not classify EGFP-positive neurons into subgroups of GABAergic neurons. Therefore, we cannot exclude the possibility that the visually responsive EGFP-positive neurons in the present study might be biased to a particular group of GABAergic neurons. 
